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Abstract 

Material  that  is  released  from  nanotechnology  during  testing  can  be  a 
complex  mixture  of  nanoparticles,  dissolved  species,  matrix-embedded 
particles,  and  particles  with  sizes  outside  of  the  nano  range.  Thorough 
characterization  of  the  released  material  is  crucial  to  predicting  its  toxicity. 
This  report  provides  a  general  framework  for  determining  not  only 
whether  material  is  released  from  a  nanotechnology  during  testing,  but 
also  whether  the  released  material  can  still  be  considered  a  nanomaterial. 
The  framework  is  written  in  broad  terms  so  that  it  can  theoretically  be 
applied  to  any  material,  but  references  are  provided  for  documents  specific 
to  the  more  common  nanomaterials  and  detection  methods.  It  is  the 
authors  intent  that  this  document  be  used  in  conjunction  with  previously 
established  methods  and  procedures  to  help  guide  the  user  through  the 
characterization  process  following  release  testing  of  a  nanotechnology. 


DISCLAIMER:  The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication,  or  promotional  purposes. 
Citation  of  trade  names  does  not  constitute  an  official  endorsement  or  approval  of  the  use  of  such  commercial  products. 
All  product  names  and  trademarks  cited  are  the  property  of  their  respective  owners.  The  findings  of  this  report  are  not  to 
be  construed  as  an  official  Department  of  the  Army  position  unless  so  designated  by  other  authorized  documents. 

DESTROY  THIS  REPORT  WHEN  NO  LONGER  NEEDED.  DO  NOT  RETURN  IT  TO  THE  ORIGINATOR. 
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Preface 

This  procedure  was  prepared  for  the  U.S.  Army  Corps  of  Engineers, 
Headquarters  (USACE  HQ)  under  the  U.S.  Army  Engineer  Research  and 
Development  Center  (ERDC)  Environmental  Quality  and  Technology 
(EQT)  Research  Program  titled  “Environmental  Consequences  of 
Nanotechnologies.”  Procedures  discussed  in  this  report  link  to  the  ERDC 
NanoGRID  (Guidance  for  Risk  Informed  Deployment)  framework  for 
testing  the  exposure  and  hazard  of  nanotechnology. 

This  work  was  coordinated  by  the  Environmental  Chemistry  Branch  (EPC) 
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Director  was  Dr.  Elizabeth  Fleming 

COL  Bryan  S.  Green  was  Commander  of  ERDC  and  Dr.  Jeffery  P.  Holland 
was  the  Director. 
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Definitions 

Agglomerate 


Nanomaterial 


N  anotechnology 


Parent  nanomaterial 


in  nanotechnology,  an  assembly  of 
particles  held  together  by  relatively 
weak  forces  (for  example,  Van  der 
Waals  or  capillary)  that  may  break 
apart  into  smaller  particles  upon 
processing 

material  with  at  least  one  dimension 
between  l  and  too  nm 

for  the  purposes  of  this  Scientific 
Operating  Procedure  (SOP),  any 
product  or  technology  that  contains  a 
nanomaterial 

the  nanomaterial  of  interest  existing 
in  its  pure  form  prior  to  inclusion 
into  a  product  or  technology 


Particulate 


components  of  a  liquid  suspension 
that  are  greater  than  l-nm  in  size 
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Acronyms 


AES 

atomic  emission  spectroscopy 

AFM 

atomic  force  microscopy 

ASTM 

American  Society  for  Testing  and  Materials 

CE 

capillary  electrophoresis 

CPC 

condensation  particle  counter 

DLS 

dynamic  light  scattering  (also  known  as  PCS) 

EHS 

environmental  health  and  safety 

FFF 

field  flow  fractionation 

ICP 

inductively  coupled  plasma 

MS 

mass  spectrometry 

ISO 

International  Organization  for  Standardization 

MALDI 

matrix- assisted  laser  desorption/ionization 

NTA 

nanoparticle  tracking  analysis 

PCS 

photon  correlation  spectroscopy  (also  known  as  DLS) 

PPb 

parts  per  billion 

ppm 

parts  per  million 

ppt 

parts  per  trillion 

SEC 

size-exclusion  chromatography 

SEM 

scanning  electron  microscopy 

SLS 

static  light  scattering 

SP 

single-particle 

TEM 

transmission  electron  microscopy 

TOF 

time  of  flight 

U.S.  EPA 

United  States  Environmental  Protection  Agency 

UV-Vis 

ultraviolet-visible 
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1  Introduction 

The  SOP  described  herein  for  assessing  the  properties  of  nanotechnologies 
was  developed  under  Task  2:  Optimized  Scientific  Methods  of  the 
ERDC/EL  Environmental  Consequences  of  Nanotechnologies  research 
program.  The  primary  goal  of  this  Task  was  to  develop  robust  SOPs  for 
investigating  the  environmental  health  and  safety  (EHS)-related 
properties  of  nanotechnologies  including  nanomaterials  and  products 
incorporating  nanomaterials. 

Specifically,  this  SOP  provides  guidance  for  both  determining  whether 
nanomaterial  is  released  from  a  nanotechnology  during  testing  as  well  as 
how  to  characterize  any  released  material.  This  SOP  combines  best 
laboratory  practices  available  from  the  literature  and  research  experiences 
of  ERDC  scientists. 
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2  Background 

The  health  and  environmental  hazard  of  engineered  nanomaterials  can 
depend  on  a  variety  of  factors  including  chemical  makeup,  particle  size, 
and  surface  characteristics  (Lin  et  al.,  2010).  Any  assessment  of  the  risks 
associated  with  a  nanotechnology  must  take  all  of  these  factors  into 
account,  which  makes  rigorous  characterization  of  the  nanomaterials 
absolutely  critical.  To  accommodate  this  need  for  information,  there  has 
been  a  steady  increase  in  the  number  of  reports  describing  novel  or 
improved  characterization  methods  for  nanoparticles  (Hassellov  et  al., 
2008).  This  has  been  followed  by  the  improvement  in  both  models  that 
predict  the  ultimate  fate  of  nanoparticles  in  the  environment  as  well  as  our 
understanding  of  their  mechanisms  of  toxicity. 

To  date,  however,  a  vast  majority  of  the  EHS  testing  of  nanotechnologies 
has  been  performed  on  the  parent  nanomaterial  as  it  exists  prior  to 
incorporation  into  the  nanotechnology  (Brame  et  al.,  2015;  Froggett  et  al., 
2014).  It  is  important  to  note  that  the  material  released  from  the 
nanotechnology  during  use  is  not  necessarily  identical  to  the  parent 
nanomaterial  that  is  incorporated  into  the  product;  the  same  physical 
stresses  responsible  for  the  release  of  the  material  may  also  alter  its 
physical  and/or  chemical  structure  (Nowack  et  al.,  2012). 


ERDC/EL  SR-17-1 


3 


3  Scope 

This  SOP  provides  guidance  for  characterizing  material  post-release  from 
a  nanotechnology,  whether  in  the  form  of  a  suspension  or  solution,  solid, 
or  airborne  particles  (Figure  l).  This  SOP  is  primarily  focused  on  the 
overall  framework  and  the  procedure  for  taking  a  sample  from  testing 
through  analysis.  References  for  standard  methods  applicable  to  the  more 
common  nanomaterials  and  detection  methods  are  given  when  possible, 
but  it  is  ultimately  up  to  the  user  to  select  the  appropriate  techniques  and 
methods  for  the  particular  material  of  interest.  It  is  recommended  that 
users  select  the  appropriate  sections  of  the  SOP  to  follow  given  the  nature 
of  their  specific  material. 

Figure  1.  Conceptual  flow  chart  of  the  procedures  discussed  in  this  SOP. 
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4  Materials  and  Apparatus 

The  materials  and  apparati  needed  will  depend  on  the  specific  system 
under  investigation  and  can  be  found  in  the  references  provided  for  each 
individual  analysis  technique. 
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5  Procedure 

This  procedural  framework  is  divided  into  three  sections,  depending  on 
the  nature  of  the  material  that  is  generated  by  the  release  testing: 

1.  For  liquid  samples  (most  likely  aqueous  suspensions/solutions),  the 
presence  of  the  material  of  interest  is  confirmed  by  a  bulk  method  (Section 

5.1.1)  prior  to  performing  more  laborious  characterization  methods.  Once 
the  presence  of  the  material  in  bulk  is  confirmed,  the  fraction  of  that 
material  that  is  on  the  nanoscale  is  characterized.  We  suggest  that  this  be 
performed  by  using  a  suspension-based  method  (following  purification, 
Sections  5.1.3  and  5.1.5)  as  well  as  by  isolating  all  non-dissolved  species  in 
the  solid  phase  and  characterizing  them  by  microscopy  (Sections  5.1.4  and 

5.2.1) . 

2.  For  solid  samples,  where  the  presence  of  released  material  is  more 
obvious,  the  material  is  first  characterized  by  microscopy  (Section  5.2.1) 
and  then  suspended  (Section  5.2.2)  and  analyzed  as  described  for  liquid 
samples  in  Step  (1). 

3.  For  airborne  samples,  the  presence  of  released  material  is  first  verified  and 
characterized  by  an  appropriate  method  (Section  5.3.1).  If  possible,  the 
released  particles  are  then  filtered  or  otherwise  isolated  in  a  solid  phase 
that  can  be  analyzed  by  microscopy  (Section  5.2.1). 

It  should  be  noted  that  the  steps  outlined  in  this  procedure  do  not 
necessarily  need  to  be  performed  in  order;  the  reader  is  directed  to  Figure  1 
for  more  guidance. 

5.1  Procedures  for  Suspension/Solutions 

5.1.1  Detection  of  the  material  of  interest  in  bulk 

To  avoid  unnecessary  testing,  the  recommended  first  step  in  analyzing  a 
liquid  sample  is  a  relatively  fast  and  inexpensive  test  to  confirm  the 
presence  of  the  material  of  interest.  This  can  be  accomplished  using  a 
variety  of  techniques,  the  most  common  of  which  are  listed  in  Table  1.  One 
of  the  most  frequently  used  methods  to  confirm  the  presence  of 
nanoparticles  is  to  determine  the  turbidity  of  the  sample,  which  measures 
the  amount  of  light  scattered  by  particles  in  suspension  (ASTM  ,  2011a; 
International  Organization  of  Standardization  (ISO),  1999).  The  primary 
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drawbacks  to  using  turbidity  are  the  relatively  high  limit  of  detection  (low 
parts  per  million  (ppm)  to  high  parts  per  billion  (ppb)  concentrations)  and 
the  fact  that  it  does  not  supply  information  about  the  composition  or  size  of 
the  particles.  False  positives  could  potentially  be  caused  by  other  particles 
(even  outside  of  the  nano  range)  that  are  released  from  the  nanotechnology. 
Static  and  dynamic  light  scattering  (SLS  and  DLS,  respectively)  are  related 
techniques  that  give  additional  information  on  the  particle  size,  and  can 
thus  verily  the  presence  of  nanoparticles,  but  still  do  not  verily  the  chemical 
makeup  of  the  material  (ASTM,  2015;  ISO,  2009;  ISO,  2008).  Since  the 
chemical  makeup  of  the  nanomaterial  is  generally  known,  a  more  definitive 
approach  is  to  look  for  its  chemical  signatures.  If  the  nanoparticles  of 
interest  contain  a  metal  or  metalloid,  inductively  coupled  plasma  mass 
spectrometry  (ICP-MS)  or  atomic  emission  spectroscopy  (ICP-AES)  should 
be  performed  on  an  acid-digested  sample  to  test  for  the  presence  of  those 
elements  known  to  make  up  the  nanoparticles  (ISO,  2011c;  United  States 
Enviromental  Protection  Agency  (U.S.  EPA)  2000;  U.S.  EPA,  2014).  With 
detection  limits  in  the  low  ppb  range,  these  techniques  are  much  more 
sensitive  than  turbidity  and  have  the  added  benefit  of  positively  identifying 
the  elements  of  interest  in  the  test  sample. 


Table  1.  Some  of  the  more  frequently  used  methods  for  detection  of  common  nanomaterials 

In  liquid  samples. 


Analysis  Method 

Approximate 

Limit  of  Detection 

Materials  Detected 

Turbidity,  DLS,  or  SLS 

ppm 

All  light-scattering 
particles 

Atomic  Spectroscopy 

ppt-ppb 

Metals  and  metalloids 

Optical  Absorption 
Spectroscopy 

ppb-ppm 

Ag,  Au,  carbon  nanotubes, 
graphene,  graphite, 

Fullerenes,  quantum  dots 

Emission 

Spectroscopy 

ppb 

Fullerenes,  quantum  dots 

Mass  Spectrometry 

ppb-ppm 

Vaporizable  materials 

In  addition,  there  are  also  techniques  that  are  more  specific  to  certain 
materials.  Some  metallic  nanoparticles,  such  as  silver  and  gold,  exhibit 
surface  plasmon  resonance  that  gives  rise  to  characteristic  absorbance 
bands  in  the  visible  region;  this  can  be  quantified  using  optical  absorption 
spectroscopy  to  determine  not  only  concentration  of  the  particles,  but  also 
their  size  (ISO,  2015c;  Creighton  and  Eadon,  1991;  Kelly  et  al.,  2003). 
Aromatic  organic  species  such  as  carbon  nanotubes,  graphene,  or 
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fullerene-like  materials  can  potentially  be  detected  by  their  absorbance  in 
the  UV  region  (Chen  et  al.,  2008).  Less  common  techniques  include 
emission  spectroscopy  for  fluorescent  or  phosphorescent  materials  (An  et 
al.,  2002)  and  Matrix  Assisted  Laser  Desorption/Ionization-Time  of  Flight 
(MALDI-TOF)  mass  spectrometry  (Khitrov  and  Strouse,  2003).  The 
selection  of  characterization  methods  will  be  ultimately  be  dependent  on 
the  target  material,  lab  capacity,  and  user  preference. 

5.1.2  Quantification  of  dissolved  and  particulate  fractions 

Before  proceeding  to  more  in-depth  characterization  of  particle  size  for  the 
material  of  interest,  the  ratio  of  particulate  to  dissolved  species  should  be 
determined.  Not  only  is  this  information  useful  to  understanding  the 
mechanism  of  release  from  the  nanotechnology,  but  it  is  also  crucial  to  the 
analysis  of  any  toxicity  data  obtained  for  the  sample.  The  most  common 
and  broadly  applicable  method  for  separation  of  particulate  and  dissolved 
species  is  ultracentrifugation,  which  is  discussed  further  in  Section  5.1.4 
(Kennedy  et  al.,  2012;  Kennedy  et  al.,  2010).  As  an  alternative,  for  some 
ions,  such  as  Ag+  and  Au+,  there  are  ion-specific  electrodes  that  can 
directly  measure  the  concentration  of  dissolved  ions  in  solution  (Gupta  et 
al.,  2011).  However,  these  measurements  are  susceptible  to  interferences, 
and  the  range  of  ions  that  can  be  sensed  by  this  method  is  relatively  small. 

5.1.3  Purification/enrichment  of  nanoparticles  in  suspension 

In  some  cases,  the  concentration  of  nanoparticles  in  samples  from  release 
testing  may  not  be  high  enough  to  be  detected  by  the  characterization 
technique  to  be  used  (discussed  in  Section  5.1.5)  and  thus  must  be 
concentrated  prior  to  analysis.  If  the  nanoparticles  have  sufficient  stability, 
simply  evaporating  the  solvent  is  a  viable  option  to  increase  the 
concentration.  The  user  should  take  into  account  that  this  will  also 
concentrate  any  other  species  present  in  the  solution,  which  may  have 
implications  on  the  stability  of  the  suspension.  Ultrafiltration,  in  which  the 
solvent  and  dissolved  species  pass  through  a  membrane  with  a  very  low 
size  cutoff,  allows  for  the  concentration  of  particles  without  increasing  the 
concentration  of  dissolved  species.  Drawbacks  to  this  technique  include 
the  loss  of  smaller  particles  through  the  membrane  and  the  potential  for 
nanoparticles  adhering  to  the  membrane  due  to  the  large  pressures 
applied  across  it. 
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Diafiltration  and  tangential  flow  ultrafiltration  are  more  gentle  techniques 
for  enrichment  and  purification  based  on  the  ultrafiltration  concept 
(Dalwadi  et  al.,  2005;  Sweeney  et  al.,  2006).  In  these  techniques,  the 
sample  suspension  is  pumped  perpendicular  to  a  membrane  so  that  only  a 
fraction  of  the  sample  permeates  through  it  (Houp,  2009).  Because  the 
system  pressure  is  not  directed  entirely  across  the  membrane  in  these 
techniques,  the  loss  of  smaller  nanoparticles  and  adhesion  to  the 
membrane  may  be  diminished,  leading  to  a  higher  yield.  Utilizing  several 
membranes  in  a  step-wise  fashion  allow  the  techniques  to  be  used  to 
remove  large  particles  or  agglomerates  that  may  interfere  with  subsequent 
characterization  techniques,  in  addition  to  removing  any  undesirable 
dissolved  species. 

Ultracentrifugation  can  also  be  used  to  enrich  a  nanoparticle  sample  and 
remove  dissolved  species  (Miller  et  ah,  2014).  Concentration  of  the  sample 
can  be  accomplished  by  centrifuging  at  conditions  less  than  those 
necessary  to  pellet  the  nanoparticles  followed  by  decanting  of  the  upper 
portion  of  the  sample,  from  which  particles  have  been  removed. 
Subsequent  steps  of  centrifugation,  dilution  with  a  desired  solute,  and 
further  centrifugation  can  be  used  to  manipulate  the  concentration  of 
dissolved  species  in  the  sample. 

5.1.4  Isolation  of  particulate  species  from  suspension 

In  addition  to  characterizing  the  nanoparticles  in  suspension,  it  can  be 
informative  to  characterize  them  by  microscopy  (discussed  in  Section 
5.2.1).  The  requirements  for  sample  preparation  will  vary  depending  on 
the  method  to  be  used,  but  in  all  cases,  the  nanoparticles  must  be  isolated 
from  the  suspension  prior  to  analysis.  A  straightforward  way  to 
accomplish  this  is  to  filter  the  sample  using  a  membrane  with  a  very  small 
size  cutoff  and  image  what  is  captured  on  the  surface. 

Since  smaller  particles  will  inevitably  pass  through  the  membrane,  filtration 
is  sufficient  only  if  qualitative  data  is  desired;  for  more  quantitative  analysis, 
a  technique  that  isolates  all  of  the  particles  from  suspension  is  necessary. 
Ultracentrifugation  can  accomplish  this,  although  there  are  still  limitations. 
The  time  necessary  to  force  particles  to  settle  out  of  suspension  is 
dependent  on  the  mass  of  the  particles,  so  both  material  density  and  particle 
size  have  a  significant  impact  on  the  effectiveness  of  the  technique.  Small 
particles  (<io-nm)  and  those  with  low  density  are  difficult  to  separate  by 
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this  technique;  recent  advancements  in  the  instrumentation  to  allow  for 
larger  centrifugal  forces  have  diminished  these  issues. 

5.1.5  Size  determination  of  suspended  nanoparticles 

There  are  a  variety  of  techniques  available  to  characterize  suspended 
nanoparticles  (Hassellov  et  al.,  2008),  and  it  is  recommended  that  a 
sample  be  analyzed  by  at  least  two  distinct  methods  (Table  2).  Several 
techniques  are  used  to  analyze  the  Brownian  motion  of  the  particles  (e.g. 
DLS  and  NTA);  since  these  techniques  require  only  that  the  particles 
scatter  light,  they  are  applicable  to  a  vast  majority  of  materials.  Another 
set  of  methods  accomplish  size  characterization  by  coupling  a  technique 
that  separates  the  particles  based  on  size  (e.g.  FFF  or  size-exclusion 
chromatography)  to  a  detection  method  for  the  material  of  interest 
(described  in  Section  5.1.1).  Other  techniques  are  more  specific  to  the 
material,  such  as  absorption  spectroscopy  for  silver  and  gold  (particles 
that  display  surface  plasmon  resonance)  or  X-ray  diffraction  and  raman 
spectroscopy  for  highly  crystalline  materials. 


Table  2.  Methods  for  size  characterization  of  nanomaterials. 


Analysis  Method 

Method  References 

Applicable  Materials 

Light  scattering  (DLS/PCS, 
SLS) 

(ASTM,  2015;  ISO,  2009;  ISO, 
2008) 

All  light-scattering  particles 

FFFa 

(Bednar  et  al.,  2015;  Bednar  et 
al.,  2013;  Poda  et  al.,  2011) 

Detection-dependent 

SP-ICP-MS 

(ISO,  2015d;  Bednar  et  al., 

2015;  Laborda  et  al.,  2014; 
Mitrano  et  al.,  2012) 

Metals  and  metalloids 

Optical  Absorption 
Spectroscopy 

(ISO,  2011b;  Amendola  and 
Meneghetti,  2009;  Haiss  et  al., 
2007) 

Ag,  Au 

Fluorescence  correlation 
spectroscopy 

(Domingos  et  al.,  2009;  Zhang 
et  al.,  2005) 

Fluorescent  materials 

Raman  Spectroscopy 

(Gouadec  and  Colomban, 

2007;  Stiles  et  al.,  2008) 

Crystalline  materials 

X-ray  Diffraction 

(ISO,  2015a) 

Crystalline  materials 

Liquid  Chromatography  (SEC, 
CE)a 

(Fedotov  et  al.,  2011) 

Detection-dependent 

Nanoparticle  Tracking 

Analysis 

(ASTM,  2012b) 

All  light-scattering  particles 
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5.2  Procedures  for  Solid  Samples 

Some  release  tests,  such  as  abrasion,  may  generate  a  solid  sample  that 
inherently  indicates  that  material  was  released  from  the  nanotechnology. 
The  material  is  first  characterized  in  the  solid  state  (ISO,  2013),  then 
suspended  and  characterized  as  discussed  in  Section  5.1  to  determine  its 
behavior  in  an  aqueous  system. 

5.2.1  Size  Characterization 

The  first  step  to  characterizing  a  solid  sample  from  a  release  test  is  to 
observe  it  using  microscopy  and  determine  the  overall  morphology  of  the 
sample.  While  optical  microscopy  can  be  useful  in  determining  if  a 
majority  of  the  released  material  is  larger  than  the  nano-scale,  it  does  not 
have  sufficient  resolution  necessary  to  characterize  nano-sized  particles. 
Electron  microscopy,  including  SEM  (ISO,  2011a)  and  transmission 
electron  microscopy  (TEM)  (ISO,  2012a),  can  provide  both  high  resolution 
images  as  well  as  some  elemental  information  through  energy  dispersive 
X-ray  analysis  (ASTM,  2012a).  Another  option  for  visualizing  the  sample  is 
through  atomic  force  microscopy  (AFM)  (ASTM,  2011b),  which  can 
provide  resolution  on  the  same  level  as  TEM  (<1  nm),  but  does  not  have 
the  same  potential  for  elemental  analysis. 

The  main  drawback  to  microscopy  as  a  method  for  size  characterization  is 
that  it  analyzes  only  a  small  fraction  of  the  material  that  may  or  may  not 
be  representative  of  the  entire  sample,  although  automated  software  has 
made  taking  a  large  number  of  measurements  more  efficient,  which  can 
allow  for  robust  statistical  analysis.  There  are  very  few  techniques  for  the 
size  characterization  of  a  bulk  solid  sample.  The  most  common  method, 
gas  sorption,  measures  the  specific  surface  area  of  the  particles,  which  can 
then  be  correlated  to  a  particle  size  (ISO,  2010;  Hassellov  et  al.,  2008) . 

5.2.2  Suspension 

Since  analysis  methods  for  a  solid  sample  are  limited  and  the 
environmental  impact  of  released  material  will  certainly  depend  on  its 
behavior  in  water,  it  is  recommended  that  the  sample  be  suspended 
(Coleman  et  al.,  2015)  and  characterized  as  described  in  Section  5.1. 
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5.3  Procedures  for  Airborne  Samples 

Inhalation  of  airborne  nanoparticles  represents  one  of  the  most  significant 
hazards  arising  from  nanotechnology  (Bello  et  al.,  2009).  The  characteriza¬ 
tion  of  airborne  particles,  however,  is  very  challenging.  A  handful  of 
technologies  exist  that  can  detect  airborne  particles,  and  some  can  even 
provide  size  characterization  data.  The  recommended  procedure  for 
airborne  samples  involves  first  detecting  the  particles  in  the  air  (ISO, 

2012b),  and,  if  possible,  filtering  the  particles  for  complementary 
characterization. 

5.3.1  Particle  Detection  and  Characterization 

The  most  common  technology  for  detecting  airborne  nanoparticles  is 
condensation  particle  counting  (ISO,  2015b);  a  process  in  which  a  low  vapor 
pressure  material  is  condensed  onto  the  particles  to  bring  them  up  to  a  size 
that  can  be  detected  by  optical  methods.  Elaborations  on  this  method, 
including  differential  mobility  particle  sizing  and  scanning  mobility  particle 
sizing,  can  provide  size  information  as  well  as  detection  by  ionizing  the 
particles  and  interacting  them  with  an  electric  field  prior  to  introduction  to 
the  condensation  particle  counter  (CPC)  (Kaminski  et  al.,  2013).  Fast 
mobility  particle  sizing  also  ionizes  the  particles  and  detects  the  particles  in 
situ  with  electrometers  rather  than  a  CPC,  which  allows  for  much  faster 
sampling  times,  but  with  lower  sensitivity.  Electrical  low  pressure  impactors 
also  ionize  the  particles,  but  are  separated  by  aerodynamic  diameter  rather 
than  electrical  mobility  (Arffman  et  al.,  2014). 

5.3.2  Filtration 

In  addition  to  in  situ  detection,  the  airborne  particles  should  be  isolated  and 
characterized  in  the  solid  state  as  discussed  in  Section  5.2.  Filtration  is  by 
far  the  most  common  method  for  isolating  airborne  nanoparticles  (Kim  et 
al.,  2007).  Alternatives  include  impactors  and  electrostatic  precipitation. 
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6  Reporting 

6.1  Analysis  of  Results 

The  analysis  and  reporting  of  results  are  highly  method-dependent  and  are 
discussed  in  the  references  provided.  Additionally,  details  concerning  the 
specific  protocols  used  to  simulate  release  scenarios  should  be  included 
with  the  chemical  and  physical  analysis  results,  as  that  will  aid  in  the 
determination  of  ultimate  health  or  environmental  impact. 

6.2  Key  Results  Provided 

The  present  protocol  provides  a  framework  for  characterizing  material 
that  is  released  from  a  nanotechnology  during  testing  and  can  be  applied 
to  solid  samples,  liquid  suspensions,  or  airborne  particles.  Users  are 
referred  to  suggested  analytical  methods  where  possible. 

6.3  QA/QC  Considerations 

The  behavior  of  nanoparticles  can  often  be  affected  by  a  wide  variety  of 
experimental  conditions.  These  considerations  can  be  found  in  the 
reference  materials. 


ERDC/EL  SR-17-1 


13 


References 


Amendola,  V.,  and  M.  Meneghetti.  2009.  Size  Evaluation  of  Gold  Nanoparticles  by 
UV-Vis  Spectroscopy.  J.  Phys.  Chem.  C  113(11):  4277-4285 

An,  B.K..,  S.K.  Kwon,  S.D.  Jung,  and  S.Y.  Park.  2002.  Enhanced  Emission  and  Its 

Switching  in  Fluorescent  Organic  Nanoparticles.  J.  Am.  Chem.  Soc.  124(48): 
14410-14415. 

Arffman,  A.,  J.  Yli-Ojanpera,  J.  Kalliokoski,  J.  Harra,  L.  Pirjola,  P.  Karjalainen,  T. 

Ronkko,  and  J.  Keskinen.  2014.  High-resolution  low-pressure  cascade  impactor. 
J.  Aerosol  Sci.  78:  97-109. 

ASTM.  2011a.  Standard  Guide  for  the  Use  of  Various  Turbidometer  Technologies  for 
Measurement  of  Turbidity  in  Water.  Standard  Guide  D7726-11.  West 
Conshohocken,  PA:  ASTM  International. 

ASTM.  2012a.  Standard  Guide  for  Quantitative  Analysis  by  Energy-Dispersive 

Spectroscopy.  Standard  Guide  Ei5o8-i2a.  West  Conshohocken,  PA:  ASTM 
International. 

ASTM.  2015.  Standard  Guide  for  Measurement  of  Particle  Size  Distribution  of 

Nanomaterials  in  Suspension  by  Photon  Correlation  Spectroscopy  (PCS). 
Standard  Guide  E2490-09.  West  Conshohocken,  PA:  ASTM  International. 

ASTM.  2012b.  Standard  Guide  for  Measurement  of  Particle  Size  Distribution  of 

Nanomaterials  in  Suspension  by  Nanoparticle  Tracking  Analysis  (NTA).  Standard 
Guide  E2834-12.  West  Conshohocken,  PA:  ASTM  International. 

ASTM.  2011b.  Standard  Guide  for  Size  Measurement  of  Nanoparticles  Using  Atomic 
Force  Microscopy.  Standard  Guide  E2859-11.  West  Conshohocken,  PA:  ASTM 
International. 

Bednar,  A.  J.,  A.R.  Poda,  A.  R.,  A.J.  Kennedy,  K.C.  Armstrong,  E.P.  Gray,  C.  Higgins,  and 
J.F.  Ranville.  2015.  Characterization  of  nanomaterials  using  field  flow 
fractionation  and  single  particle  inductively  coupled  plasma  mass 
spectrometry.  ERDC/EL  SR-15-3.  Vicksburg,  MS:  U.S.  Army  Engineer  Research 
and  Development  Center. 

Bednar,  A.  J.,  A.R.  Poda,  D.M.  Mitrano,  A.J.  Kennedy,  E.P.  Gray,  J.F.  Ranville,  C.A. 

Hayes,  F.H.  Crocker,  and  J.A.  Steevens.  2013.  Comparison  of  on-line  detectors 
for  field  flow  fractionation  analysis  of  nanomaterials.  Talanta  104(30):  140-148. 

Bello,  D.,B.  Wardle,  N.  Yamamoto,  R.  G.  deVilloria,  E.  Garcia,  A.  Hart,  K.  Ahn,  M. 

Ellenbecker,  and  M.  Hallock.  2009.  Exposure  to  nanoscale  particles  and  fibers 
during  machining  of  hybrid  advanced  composites  containing  carbon  nanotubes. 

J.  Nanopart.  Res.  11(1):  231-249. 

Brame,  J.  A.,  A.R.  Poda,  A.J.  Kennedy,  and  J.A.  Steevens.  2015.  EHS  Testing  of  Products 
Containing  Nanomaterials:  What  is  Nano  Release?  Environ.  Sci.  Technol.  49(19): 
11245-11246. 


ERDC/EL  SR-17-1 


14 


Chen,  Z.,  P.  Westerhoff,  and  P.  Herckes.  2008.  Quantification  of  C60  Fullerene 
Concentrations  in  Water.  Environ.  Toxicol.  Chem.  27(9):  1852-1859. 

Coleman,  J.  G.,  A.J.  Kennedy,  and  A.R.Harmon.  2015.  Environmental  Consequences  of 
Nanotechnologies  -  Nanoparticle  Dispersion  in  Aqueous  Media.  ERDC/EL  SR- 
15-2.  Vicksburg,  MS:  U.S.  Army  Engineer  Research  and  Development  Center. 

Creighton,  J.  A.,  and  D.G.  Eadon.  1991.  Ultraviolet-visible  absorption  spectra  of  the 

colloidal  metallic  elements.  J.  Chem.  Soc.,  Faraday  Trans.  87(24):  3881-3891. 

Dalwadi,  G.,  H.E.  Benson,  and  Y.  Chen.  2005.  Comparison  of  Diafiltration  and  Tangential 
Flow  Filtration  for  Purification  of  Nanoparticle  Suspensions.  Pharm.  Res.  22(12): 
2152-2162. 

Domingos,  R.  F.,  M.A.  Baalousha,  Y.  Ju-Nam,  M.M.  Reid,  N.  Tufenkji,  J.R.  Lead,  G.G. 

Leppard,  and  K.J.  Wilkinson.  2009.  Characterizing  Manufactured  Nanoparticles 
in  the  Environment:  Multimethod  Determination  of  Particle  Sizes.  Environ.  Sci. 
Technol.  43(19):  7277-7284. 

Fedotov,  P.,  N.  Vanifatova,  V.  Shkinev,  and  B.  Spivakov.  2011.  Fractionation  and 

characterization  of  nano-  and  microparticles  in  liquid  media.  Anal.  Bioanal. 
Chem.  400(6):  1787-1804. 

Froggett,  S.  J.,  S.F.  Clancy,  D.R.  Boverhof,  and  R.A.  Canady.  2014.  A  Review  and 

Perspective  of  Existing  Research  on  the  Release  of  Nanomaterials  from  Solid 
Nanocomposites.  Part.  Fibre  Toxicol.  11(1):  17. 

Gouadec,  G.,  and  P.  Colomban.  2007.  Raman  Spectroscopy  of  nanomaterials:  How 

spectra  relate  to  disorder,  particle  size  and  mechanical  properties.  Prog.  Cryst. 
Growth  Ch.  53(1):  1-56. 

Gupta,  V.  K.,  M.R.  Ganjali,  P.  Norouzi,  H.  Khani,  A.  Nayak,  and  S.  Agarwal.  2011. 

Electrochemical  Analysis  of  Some  Toxic  Metals  by  Ion-Selective  Electrodes.  Crit. 
Rev.  Anal.  Chem.  41(4):  282-313. 

Haiss,  W.,  N.T.K.  Thanh,  J.  Aveyard,and  D.G.  Fernig.  2007.  Determination  of  Size  and 
Concentration  of  Gold  Nanoparticles  from  UV-Vis  Spectra.  Anal.  Chem.  79(11): 
4215-4221. 

Hassellov,  M.,  J.  Readman,  J.  Ranville,  and  K.  Tiede.  2008.  Nanoparticle  Analysis  and 
Characterization  Methodologies  in  Environmental  Risk  Assessment  of 
Engineered  Nanoparticles.  Ecotoxicology  17(5):  344-361. 

Houp,  R.  C.  2009.  Ultrafiltration  and  Diafiltration.  J.  Validation  Technol.  15(4):  40-45. 

ISO.  1999.  Water  Quality  -  Determination  of  Turbidity.  ISO  7027.  Geneva,  Switzerland: 
ISO  Headquarters. 

ISO.  2010.  Determination  of  the  Specific  Surface  Area  of  Solids  by  Gas  Adsorption  -  BET 
Method.  ISO  9277.  Geneva,  Switzerland:  ISO  Headquarters. 

ISO.  2012.  Nanotechnologies  -  Characterization  of  Single-Wall  Carbon  Nanotubes  Using 
Transmission  Electron  Microscopy.  ISO/TS  10797.  Geneva,  Switzerland:  ISO 
Headquarters. 


ERDC/EL  SR-17-1 


15 


ISO.  2011a.  Nanotechnologies  -  Characterization  of  single-wall  carbon  nanotubes  using 
scanning  electron  microscopy  and  energy  dispersive  x-ray  spectrometry  analysis. 
ISO/TS  10798.  Geneva,  Switzerland:  ISO  Headquarters. 

ISO.  2012.  Nanomaterials  -  Quantification  of  Nano-Object  Release  from  Powders  by 

Generation  of  Aerosols.  ISO/TS  12025.  Geneva,  Switzerland:  ISO  Headquarters. 

ISO.  2009.  Particle  Size  Analysis  -  Laser  Diffraction  Methods.  ISO  13320.  Geneva, 
Switzerland:  ISO  Headquarters. 

ISO.  2013.  Nanotechnology  -  Nanoparticles  in  Powder  Form  -  Characteristics  and 
Measurements.  ISO/TS  17200.  Geneva,  Switzerland:  ISO  Headquarters. 

ISO.  2015a.  Particle  Size  Analysis  -  Small-Angle  X-ray  Scattering.  ISO  17867.  Geneva, 
Switzerland:  ISO  Headquarters. 

ISO.  2008.  Particle  Size  Analysis  -  Dynamic  Light  Scattering  (DLS).  ISO  22412.  Geneva, 
Switzerland:  ISO  Headquarters. 

ISO.  2015b.  Aerosol  Particle  Number  Concentration  -  Calibration  of  Condensation 
Particle  Counters.  ISO  27891.  Geneva,  Switzerland:  ISO  Headquarters. 

ISO.  2015c.  Use  of  UV-Vis  Absorption  Spectroscopy  in  the  Characterization  of  Cadmium 
Chalcogenide  Colloidal  Quantum  Dots.  ISO/TS  17466.  Geneva,  Switzerland:  ISO 
Headquarters. 

ISO.  20i5d.  Nanotechnologies  —  Size  distribution  and  concentration  of  inorganic 

nanoparticles  in  aqueous  media  via  single  particle  inductively  coupled  plasma 
mass  spectrometiy.  ISO/DTS  19590.  Geneva,  Switzerland:  ISO  Headquarters. 

ISO.  2011b.  Nanotechnologies  -  Characterization  of  Single-Wall  Carbon  Nanotubes  Using 
Ultraviolet-Visible-Near  Infrared  (UV-Vis-NIR)  Absorption  Spectroscopy. 
ISO/TS  10868.  Geneva,  Switzerland:  ISO  Headquarters. 

ISO.  2011c.  Nanotechnologies  -  Determination  of  Elemental  Impurities  in  Samples  of 
Carbon  Nanotubes  Using  Inductively  Coupled  Plasma-Mass  Spectrometry. 
ISO/TS  13278.  Geneva,  Switzerland:  ISO  Headquarters. 

Kaminski,  H.,  T.A.J.  Kuhlbusch,  S.  Rath,  U.  Gotz,  M.  Sprenger,  D.  Weis,  J.  Polloczek,  V. 
Bachmann,  N.  Dziurowitz,  H.J.  Kiesling,  A.  Schwiegelshohn,  C.  Monz,  D. 
Dahmann,  and  C.  Asbach.  2013.  Comparability  of  mobility  particle  sizers  and 
diffusion  chargers.  J.  Aerosol  Sci.  57:  156-178. 

Kelly,  K.  L.,  E.  Coronado,  L.L.  Zhao,  and  G.C.  Schatz.  2013.  The  Optical  Properties  of 

Metal  Nanoparticles:  The  Influence  of  Size,  Shape,  and  Dielectric  Environment. 
J.  Phys.  Chem.  B.  107(3):  668-677. 

Kennedy,  A.  J.,  M.A.  Chappell,  A.J.  Bednar,  A.C.  Ryan,  J.G.  Laird,  J.K.  Stanley,  and  J.A. 
Steevens.  2012.  Impact  of  Organic  Carbon  on  the  Stability  and  Toxicity  of  Fresh 
and  Stored  Silver  Nanoparticles.  Environ.  Sci.  Technol.  46(19):  10772-10780. 


ERDC/EL  SR-17-1 


16 


Kennedy,  A.  J.,  M.S.  Hull,  A.J.  Bednar,  J.D.  Goss,  J.C.  Gunter,  J.  L.  Bouldin,  P.J. 

Vikesland,  and  J.A.  Steevens.  2010.  Fractionating  Nanosilver:  Importance  for 
Determining  Toxicity  to  Aquatic  Test  Organisms.  Environ.  Sci.  Technol.  44(24): 
9571-9577- 

Khitrov,  G.  A.,  and  G.F.  Strouse.  2003.  ZnS  Nanomaterial  Characterization  by  MALDI- 
TOF  Mass  Spectrometry.  J.  Am.  Chem.  Soc.  125(34)  10465-10469. 

Kim,  S.,  M.  Harrington,  M.,  and  D.H.  Pui.  2007.  Experimental  study  of  nanoparticles 
penetration  through  commercial  filter  media.  J.  Nanopart.  Res.  9(1):  117-125. 

Laborda,  F.,  E.  Bolea,  and  J.  Jimenez-Lamana.  2014.  Single  particle  inductively  coupled 
plasma  mass  spectrometry:  A  powerful  tool  for  nanoanalysis.  Anal.  Chem.  86(5): 
2270-2278. 

Lin,  D.,  X.  Tian,  X.,  F.  Wu,  and  B.  Xing.  2010.  Fate  and  transport  of  engineered 
nanomaterials  in  the  environment.  J.  Environ.  Qual.  39(6):  1896-1908. 

Miller,  J.  B.,  J.M.  Harris,  and  E.K.  Hobbie.  2014.  Purifying  colloidal  nanoparticles 
through  ultracentrifugation  with  implications  for  interfaces  and  materials. 
Langmuir  30(27):  7936-7946. 

Mitrano,  D.  M.,  E.K.  Lesher,  A.  Bednar,  J.  Monserud,  C.P.  Higgins,  and  J.F.  Ranville. 

2012.  Detecting  nanoparticulate  silver  using  single-particle  inductively  coupled 
plasma-mass  spectrometry.  Environ.  Toxicol.  Chem.  31(1):  115-121. 

Nowack,  B.,  J.F.  Ranville,  S.  Diamond,  J.A.  Gallego-Urrea,  C.  Metcalfe,  J.  Rose,  N.  Horne, 
A.A.  Koelmans,  and  S.J.  Klaine.  2012.  Potential  Scenarios  for  Nanomaterial 
Release  and  Subsequent  Alteration  in  the  Environment.  Environ.  Toxicol.  Chem. 
31(1):  50-59- 

Poda,  A.  R.,  A.J.  Bednar,  A.  J.  Kennedy,  A.  Harmon,  M.  Hull,  D.M.  Mitrano,  J.F.  Ranville, 
and  J.  Steevens.  2011.  Characterization  of  silver  nanoparticles  using  flow-field 
flow  fractionation  interfaced  to  inductively  coupled  plasma  mass  spectrometry.  J. 
Chromatogr.  A  1218(27):  4219-4225. 

Stiles,  P.  L.,  J.A.  Dieringer,  N.C.  Shah,  and  R.P.  Van  Duyne.  2008.  Surface-enhanced 
raman  spectroscopy.  Annu.  Rev.  Anal.  Chem.  1:  601-626. 

Sweeney,  S.  F.,  G.H.  Woehrle,  and  J.E.  Hutchison.  2006.  Rapid  purification  and  size 
separation  of  gold  nanoparticles  via  diafiltration.  J.  Am.  Chem.  Soc.  128(10): 
3190-3197- 

U.S.  EPA.  2000.  Inductively  coupled  plasma-optical  emission  spectrometiy.  EPA  Method 
6010.  Washington,  DC:  United  States  Environmental  Protection  Agency. 

U.S.  EPA.  2014.  Inductively  coupled  plasma-mass  spectrometry.  Method  6020. 
Washington,  DC:  United  States  Environmental  Protection  Agency. 

Zhang,  P.,  L.  Li,  C.  Dong,  H.  Qian,  and  J.  Ren.  2005.  Sizes  of  water-soluble  luminescent 
quantum  dots  measured  by  fluorescence  correlation  spectroscopy.  Anal.  Chim. 
Acta  546(1):  46-51. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data 
sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other 
aspect  of  this  collection  of  information,  including  suggestions  for  reducing  the  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information 
Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other 
provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 

February  2017 


4.  TITLE  AND  SUBTITLE 


2.  REPORT  TYPE 

Final  report 


3.  DATES  COVERED  (From  -  To) 


5a.  CONTRACT  NUMBER 


Quantifying  Nanoparticle  Release  from  Nanotechnology:  Scientific  Operating 
Procedure  Series:  SOP-C-3 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 


David  P.  Martin,  Aimee  R.  Poda,  and  Anthony  J.  Bednar 


5d.  PROJECT  NUMBER 

405624 

5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Engineer  Research  and  Development  Center,  Environmental 
Laboratory  3909  Halls  Ferry  Rd.,  Vicksburg,  MS  39180-6199 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

ERDC/EL  SR- 17-1 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


Headquarters,  U.S.  Army  Corps  of 
Engineers  Washington,  DC  20314- 
1000 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  unlimited 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

Material  that  is  released  from  nanotechnology  during  testing  can  be  a  complex  mixture  of  nanoparticles,  dissolved  species, 
matrix-embedded  particles,  and  particles  with  sizes  outside  of  the  nano  range.  Thorough  characterization  of  the  released 
material  is  crucial  to  predicting  its  toxicity.  This  report  provides  a  general  framework  for  determining  not  only  whether 
material  is  released  from  a  nanotechnology  during  testing,  but  also  whether  the  released  material  can  still  be  considered  a 
nanomaterial.  The  framework  is  written  in  broad  terms  so  that  it  can  theoretically  be  applied  to  any  material,  but  references 
are  provided  for  documents  specific  to  the  more  common  nanomaterials  and  detection  methods. 

15.  SUBJECT  TERMS 
Nanoparticles 
Release 
Characterization 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF  PAGES 

Unclassified 

23 

Unclassified 

Unclassified 

23  19b.  TELEPHONE  NUMBER  (Include  area  code) 


